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Summary
Background: In flagella, the outer dynein arm (ODA) and inner
dynein arm (IDA) play distinct roles in generating beating mo-
tion. However, functional communications between the two
dyneins have not been investigated.
Results: Here, we demonstrated by cryo-electron microscopy
and chemical crosslinking that intermediate chain 2 (IC2) of
ODAs interacts with the dynein regulatory complex in the
axoneme and constitutes part of the outer-inner dynein (OID)
linker. Furthermore, we identified IC2 as a functional hub
between ODAs and IDAs based on the phenotypes of Chlamy-
domonas mutants expressing biotinylation-tagged IC2. The
flagella of the IC2 mutant showed activated microtubule
sliding and enhanced ATPase activities of ODAs, as well as
an altered waveform, indicating attenuated IDA activity.
Conclusions:We concluded that the OID linker controls both
ODAs and IDAs and regulates flagellar beating.
Introduction
Cilia and flagella generate fluid flow in eukaryotes and play
important roles in cellular motility and development of verte-
brates [1, 2]. In mammals, defects in the ciliary and flagellar
motility result in numbers of disorders [3, 4]. Axonemal dyneins
hydrolyze ATP and generate forces for the beating motions of
cilia and flagella [5]. There are two species in axonemal
dyneins: the outer dynein arms (ODAs) and inner dynein
arms (IDAs). In Chlamydomonas reinhardtii, the ODA complex
is composed of three heavy chains (a, b, and gHCs), two inter-
mediate chains (IC1 and IC2), nine light chains (LCs), and three
docking complex proteins [6–8]. In contrast, the IDA has been
shown to be composed of seven major subspecies, named
a–g [9]. Both ODA-deficient and IDA-deficient Chlamydomo-
nas mutants swim slower than the wild-type, but for different
reasons. The lower velocity in oda mutants is attributed to
the reduction in the beat frequency [10, 11], while that in ida
mutants is attributed to the reduced amplitude of bending
waves [12]. These mutant analyses on Chlamydomonas sug-
gest that ODAs and IDAs play distinct roles in the flagellar
beating. Although the functional roles of ODAs and IDAs
have been well characterized, coordination between the two
dynein arms for the generation of flagellar beating has not
been elucidated.
Accumulating evidence indicates that the generation of
flagellar beating requires concerted activities of axonemal
components. The central pair apparatus (CP) and the radial
spokes (RS) are proposed to be involved in the regulation of*Correspondence: mkikkawa@m.u-tokyo.ac.jpthe dyneinmotor activities, becauseChlamydomonasmutants
lacking one of these architectures exhibit flagellar paralysis
[13–15]. Several suppressormutations (sup-pf) restore beating
to these paralyzed flagella (pf) mutants, suggesting that the
flagellar beating is inhibited in the absence of the CP or RS
and the suppressor mutations release the inhibition [16]. Since
many of the suppressor mutations have been identified in the
subunits of the dynein regulatory complex (DRC), the inhibitory
signals are likely to be mediated by the DRC [17, 18]. Recent
cryo-electron tomography (cryo-ET) studies have shown that
the DRC interacts with RS and IDAs [19] and may serve as a
nexin link, which connects the outer doublet microtubules
[20]. These results support the idea that signals from the CP
and RS propagate through the DRC to the dynein arms.
Cryo-ET has also revealed structures called outer-inner dynein
(OID) linkers, which bridge the ODA and DRC or the intermedi-
ate chain-light chain (IC-LC) complex of IDA subspecies f
[21, 22]. However, there has not been a functional study of
the OID linker.
In this study, we investigated the function of IC2 of ODAs by
expressing the protein fused with a biotinylation tag in
C. reinhardtii. We showed by cryo-electron microscopy
(cryo-EM) and chemical crosslinking experiments that IC2
forms a complex with DRC4 in the axoneme and constitutes
part of OID linker. We next observed that the biotinylation tag
added to the amino terminus of IC2 caused not only nonspe-
cific activation of ODAs but also an aberrant waveform, which
indicates attenuation of IDA activity. These results collectively
suggest that the ODA-DRC interaction regulates flagellar
beating by controlling the activities of both ODAs and IDAs.
This is the first report of the functional communication between
the outer and inner rows of the axonemal dynein system.
Results
Expression of Biotinylated ICs in Chlamydomonas
To locate the 3D positions of ICs of ODAs, we created three
new mutant C. reinhardtii strains, ic2N, ic2C, and ic1N, which
express IC2 or IC1 protein tagged with a 9 kDa fragment of
biotin carboxyl carrier protein (BCCP) [23, 24] either at the
amino terminus (N terminus) or the carboxyl terminus (C termi-
nus) (Figure 1A). The expression plasmids were introduced
into the mutants lacking the respective ICs: oda6 (deficient in
IC2) and oda9 (deficient in IC1). Although DiBella et al. [25] re-
ported that a frame shift mutation at the N terminus of IC2
(oda6-r88 [26]) causes a reduction in the amount of ODAs
and a loss of various LCs, our new IC mutants have the same
amount of ODA complex as wild-type and the HC/IC/LC com-
positions were unchanged (Figures 1B–1D). Blotting with
peroxidase-conjugated streptavidin confirmed that BCCP-
tagged ICs were biotinylated (Figure 1C, right).
3D Localization of Streptavidin Labels on Biotinylated
ODA-Microtubule Complexes
We employed the streptavidin-biotin system [27] for the struc-
tural labeling of the BCCP-tagged ICs in combination with the
previously established method to reconstruct the 3D structure
of the in-vitro-reconstituted ODA-microtubule complex [28].
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Figure 1. Expression of BCCP-Tagged ICs of
ODAs in Chlamydomonas
(A) Expression vectors containing biotinylated
ICs. Red lines, the upstream sequence of IC2
gene containing the promoter region for IC2;
gray boxes, untranslated regions; yellow boxes,
exons; kinked black lines, introns; green boxes,
the BCCP tags. The expression plasmid of IC1
was created by fusion of the upstream sequence
of IC2 with the exons and introns of IC1.
(B and C) Compositions of ODAs examined by
SDS-PAGE. The ODA was purified by ion-ex-
change chromatography and separated on a
4% polyacrylamide with 4 M urea gel (B) or 5%–
20% gradient polyacrylamide gel (C). Red aster-
isks, IC1; green asterisks, IC2; yellow arrow-
heads, LCs. The expression level of the HCs
was unchanged (B, square bracket). Composi-
tions of the LCs were also unchanged (C, left,
square bracket, yellow arrowheads). The expres-
sion and biotinylation of ICs were confirmed
by western blotting with streptavidin-horseradish
peroxidase (C, right). The spot in (B) is an
air bubble.
(D) The axonemal proteins from the wild-type
and mutant strains were separated by SDS-
PAGE and probed with various antibodies (Fig-
ure S5) indicated on the right of the blots.
See also Figure S5.
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657We also labeled the ATPase catalytic sites of the HCs using
biotinylated ADP and vanadate (Figures S1A–S1F available
online) [29, 30]. The 3D structures were reconstructed to a res-
olution of 3.4 nm by the single-particle analysis (Figure S1G).
By comparing the 3D structures of the streptavidin-labeled
ODA-microtubule complexes with that of the wild-type, we
located the termini of ICs and the ATPase catalytic sites of
HCs (Figures 2A and B).
Streptavidin bound to the N terminus of IC1 (Figure 2B, blue)
was observed near the catalytic site of the bHC (Figure 2B, red
region on the left). The C terminus of IC2 is located on the outer
face of the g head domain (Figure 2B, light green). In contrast
to the two termini above, which are located close to the head
domains of HCs, the label at the N terminus of IC2 points to
the inner side of the ODA-microtubule complex (Figures 2A
and 2B, dark green, and Figure 2C, arrowheads). The position
of the N terminus of IC2 corresponds to the junction between
ODAs and the OID linkers (Figure 2D) [21, 22]. These observa-
tions suggest that IC2 can be one of the components of the
OID linker.
Chemical Crosslinking Reveals Interaction between
IC2 and DRC4 In Situ
The 3D reconstruction of the streptavidin labeled ODA-micro-
tubule complex led us to investigate whether IC2 forms a part
of the OID linker. According to the recent cryo-ET [22], there
are five OID linkers in every 96 nm repeat: OID linkers 1 and
2 are the ODA-IDA subspecies f linkers, 3a and 3b are the
ODA-DRC linkers, and 4 is the ODA-uncharacterized distal
protrusion (DP) linker (Figure 2D). IDA subspecies f is required
for a normal phototaxis [31]. Since ic2N cells showed a
normal phototaxis (Figure S2A), the function of IDA subspecies
f appeared to be unaffected by the biotinylation tag onIC2. Thus, we focused our investigation
on the interaction between the ODAs
and DRC.To identify IC2’s interacting partner within the axoneme,
we employed chemical crosslinking of axoneme [32] using
m-maleimidobenzoyl-N-hydroxysuccinimide ester (MBS), an
amine-to-sulfhydryl crosslinker with a spacer 7.3 A˚ in length.
The immunoblots of the crosslinked products from ic2C
showed a 200 kDa protein complex, which was detected
with both anti-IC2 and anti-DRC4 antibodies (Figures 3A–3C,
red arrowheads). In the samples from ic2N, a 175 kDa com-
plex, instead of 200 kDa, was detected by anti-IC2 antibody
(Figure 3A, white arrowhead), but the band was not detected
by anti-DRC4 antibody (Figure 3B, white arrowhead). To
confirm that N terminus of IC2 is involved in the interaction
with DRC4, we created a mutant oda6-ic2-DN20-c-bccp
(ic2DN20), which expresses IC2 with a 20-amino-acid deletion
at the N terminus and a BCCP-tag at the C terminus (Figures
S2B and S2C). Chemical crosslinking of ic2DN20 axoneme
showed a reduced, but not completely abolished, 200 kDa
crosslinked product, including IC2 and DRC4 (Figures 3A
and 3B, blue arrowheads), indicating that the deletion at the
N terminus of IC2 affected the IC2-DRC4 interaction. These re-
sults suggest that ODAs interact with the DRC through the N
terminus of IC2. Since the sum of the molecular weights of
BCCP-IC2 (75 kDa) and DRC4 (55 kDa) is 130 kDa, we attemp-
ted to identify the protein(s) accounting for the remaining
z70 kDa by immunoblotting with anti-a-tubulin, b-tubulin,
anti-IC1, and anti-DRC2 antibodies, but none of the antibodies
recognized the protein complex.
Activation of ODAs in the Axoneme of ic2N
In order to investigate whether the tagging of ICs affected the
motility, we examined the swimming velocities and beat fre-
quencies of the mutant cells (Figures 4A and 4B and Table
1). The swimming velocities and beat frequencies of ic2C
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Figure 2. 3D Localizations of ICs and ATPase
Catalytic Sites of HCs within the In Vitro-Recon-
stituted ODA-Microtubule Complex
(A and B) 3D reconstructions of the ODA-microtu-
bule complexes labeled with streptavidin.
The 3D reconstructions of biotinylation-tagged
ODA-microtubule complexes were compared
with the wild-type ODA-microtubule complex,
and the regions whose densities were signifi-
cantly increased from the wild-type are shown
in color. Blue, N-terminal of IC1; dark green,
N-terminal of IC2; light green, C-terminal of IC2;
red, ATPase catalytic sites labeled with biotin-
ADP. The views from the plus end of the microtu-
bules (A) and from the inside of the complex (B)
are shown. MT, microtubules; a, b, and g, the
three HCs of the ODA. The black arrow in (A) indi-
cates the direction of the viewing in (B). The gray
isosurfaces show the 3D structure of the wild-
type ODA-microtubule complex.
(C) Cross sections of the ODA-microtubule com-
plexes. Top, wild-type; bottom, ic2N. The broken
line in (A) indicates the plane of the sections. The
blue contour corresponds to the 120% volume
isosurface; yellow, orange, and red indicate
increasing density. BC, the base complex, which
is supposed to be composed of ICs and LCs of
the ODA. The arrowheads indicate the position
of the streptavidin label.
(D) A comparison between our ODA-microtubule
complex (top) and the structure of axoneme
solved by cryo-ET (bottom, modified from the
tomogram of axoneme; map ID, emd_2126) [24].
Top: The labels at the N termini of IC2 are colored
green. Bottom: The positions of the ODA, a, b, g
HCs, DRC, IC/LC complex of IDA subspecies f,
RS, and distal protrusion (DP) are indicated. a–g
indicate the positions of the IDA subspecies.
IDA subspecies b is missing in this map. Den-
sities of the OID linker projections originated
from IC2 and g HC are colored green and yellow,
respectively. The five OID linkers are designated as 1, 2, 3a, 3b, and 4 according to the previous report [24]. The position of OID linker 4, which is not visible in
this tomogram, is shown by the green broken line. The black broken lines show that the N termini of IC2 coincide with four of the OID linker projections. The
resolution limit for the reconstruction is 3.4 nm.
Scale bars represent 10 nm. See also Figure S1.
Current Biology Vol 23 No 8
658and ic1N cells were almost the same as those of the wild-type
cells. However, ic2N showed a 44% decrease in swimming ve-
locity (Figure 4A). We expected a reduced beat frequency in
ic2N because the slow swimming of ODA-deficient mutants
is attributed to a decrease in the beat frequency [10, 12]. On
the contrary, the beat frequency of ic2N was 18% higher
than that of the wild-type (Figure 4B), suggesting an alteration
in ODA activity [12].
To investigate whether the BCCP-tag at the N terminus
of IC2 affects the ODA activity, we measured the axonemal
ATPase activity. A comparison between wild-type and
oda6 showed that ODAs accounts for about 90% of the
ATPase activity of the whole axoneme (Figure 4C) [33]. Inter-
estingly, the ATPase activity of ic2N axonemes showed more
than 2-fold increase compared with that of wild-type (Fig-
ure 4C). We attributed the increased ATPase activity mainly
to ODAs because the ATPase activities of all ida ic2N triple
mutant axonemes were the same level as that of ic2N. In
contrast, the ATPase activities and microtubule translocation
speed of ODA molecules isolated from ic2N axonemes
were almost the same as those of the wild-type (Figures S3A
and 3B). These results indicate that the activation of ODAs
occurs within ic2N axoneme and the activation requires
axonemal components other than ODAs.Next, we investigated whether the motor activity of ODAs
is activated in ic2N by analyzing the doublet microtubule
sliding of protease-treated axonemes in the presence of
ATP [34]. Previous studies showed that the microtubule
sliding speed mainly depends on ODAs; the sliding speed
of axonemes lacking ODAs is 24% of that of the wild-
type, while axonemes devoid of a subset of IDAs slide at
a speed almost identical to that of the wild-type [35]. The
sliding speed of individual doublet microtubules in ic2N
was comparable to that of the wild-type (Figure S3C), sug-
gesting that ODA activity on the sliding doublet microtubule
was unchanged in ic2N axoneme. However, ic2N axonemes
disintegrated into almost individual microtubules, while only
a few microtubules slid out of the wild-type axonemes
(Figures 4D–4F). All of the three triple mutants between
ic2N and IDA-deficient mutants showed similar levels of
enhancement in the sliding disintegration compared with
ic2N (Figure 4F). In wild-type axonemes, the sliding activ-
ities of the axonemal dyneins were limited to a few doublet
microtubules and the rest of the dyneins are under sup-
pression [36, 37]. Our results suggest that an unregulated
activation of ODAs on most of the doublet microtubules
causes the enhanced sliding disintegration in ic2N
axonemes.
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Figure 3. Chemical Crosslinking of ic2N, ic2C, and ic2DN20 Axonemes
(A and B) Immunoblot analyses of the axonemal proteins crosslinked with MBS. Axonemes of ic2N, ic2C, and ic2DN20were treated with 0–50 mMMBS, and
the proteins crosslinked with biotinylated IC2 were purified with streptavidin beads. The red arrowheads indicate 200 kDa bands in the lanes of ic2C treated
with 50 mMMBS. The bands were detected by both anti-IC2 (A) and anti-DRC4 (B; see Figure S5) antibodies. Faint bands with similar molecular weights are
visible in the lanes of ic2DN20 (blue arrowheads). A faint band with a mass of 175 kDa is visible on the anti-IC2 immunoblot of ic2N, but the band was not
detected by anti-DRC4 antibody (white arrowheads).
(C) A single lane of the 50 mM MBS-treated ic2C axoneme was cut lengthwise, and the left and right halves were probed with anti-IC2 and anti-DRC4
antibodies, respectively. The reassembled blots confirmed that the two antibodies detected the same band (red arrowhead).
See also Figures S2 and S5.
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659Altered Waveform in ic2N Indicates Attenuation of
IDA Activity
Next, we examined the waveforms of flagella using a high-
speed camera to identify the cause of the slow swimming of
ic2N cells (Figure 4A). As shown in Figure 5A, the flagellar
bending was significantly attenuated in ic2N. To quantify the
waveform parameters of the principal and reverse bends in
the flagella beatings (Figure 5B), we measured the bending
wave curvatures and the shear rates (Table S1). The shear
rate is the angular changes of the tangent at the midpoint
of the axoneme against the longitudinal axis of the cell
(Figure S4A) and is proportional to the sliding displacement
between doublet microtubules in one beat cycle [38]. The
shear rates of the principal and reverse bends of ic2N were
approximately half of those of the wild-type (Figure 5C). The
small shear rate of ic2N waveform was similar to that of the
IDA-deficient mutant (Figures 5A and 5C) [12]. We suspected
that the addition of the BCCP tag obstructed the assembly
of a subset of IDAs, but neither the immunoblot analysis
(Figure 1D) nor the ion-exchange chromatography (Figure S2D)
show changes in the compositions of IDA subspecies and
subunits of the DRC. Thus, we hypothesized that IDA activity
is attenuated in ic2N.
In order to test this hypothesis, we analyzed the waveforms
of triple mutants between ic2N and IDA-deficient mutants
(Figure 6). If the activity of a particular IDA subspecies is atten-
uated in ic2N, the shear rate of the triple mutant between ic2N
and the corresponding ida is supposed to be the same as
that of ic2N. Conversely, if ic2N and a given ida are genetically
independent of each other, the triple mutant between the
two mutants should show a smaller shear rate compared
with ic2N [39].
Interestingly, the shear rate of principal bend of ida6 ic2N
was almost the same as that of ic2N (Figure 6B), showing the
existence of a genetic interaction between ic2N and ida6,
which lacks IDA subspecies e [40]. On the other hand, the
shear rates of principal bend of both ida3 ic2N and ida4 ic2N
were smaller than that of ic2N (Figure 6B). It is likely that the
DRC, as well as IDA subspecies e, is involved in the reductionof shear rate in ic2N because the amounts of the major DRC
subunits were significantly reduced in ida6 (Figure 1D), and
the DRC and IDA subspecies e are located close proximity to
each other in the axoneme [41, 42]. These results suggest
that alteration in the DRC-IDA subspecies e system is respon-
sible for the aberrant waveform of ic2N. This result agrees with
our structural and biochemical observations that the N termi-
nus of IC2 was involved in the interaction between the ODA
and DRC.
To investigate the effect of other mutations at the N terminus
of IC2, we examined the motility of ic2DN20 along with that of
oda6-ic2-n-streptag (ic2Strep), which expresses IC2 with an
8-amino-acid tag at the N terminus (Figures S2B and S2C).
While ic2Strep showed an almost wild-type phenotype,
ic2DN20 mutant swam slightly slower than the wild-type and
exhibited a shear rate intermediate between the wild-type
and ic2N (Table 1, Table S1, and Figures S4C–S4E and S4G).
The nearly wild-type phenotype of ic2Strep indicates that the
alteration in motility depends on the size of the tag added to
the N terminus of IC2, and the intermediate phenotype of
ic2DN20 suggests that the partial disruption of IC2-DRC4
interaction (Figures 3A and 3B) mildly affects IDA activity.
Discussion
Summary
We generated mutant strains of Chlamydomonas expressing
BCCP-tagged ICs and found by cryo-EM and 3D reconstruc-
tion that the position of the N terminus of IC2 corresponds to
the OID linkers. Chemical crosslinking experiments showed
that IC2 forms a complex with DRC4 within the axoneme
through its N terminus. The motility analyses of the mutant
cells expressing the tagged IC2 showed distinctive pheno-
types associated with irregular activities of both ODAs and
IDAs without affecting the compositions of the dynein arms.
These results suggest that the ODA-DRC interaction via IC2
controls the activities of both ODAs and IDAs. This is the first
report that there is a functional communication between the
outer and inner rows of the axonemal dynein system.
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Figure 4. Comparisons of Swimming Behaviors,
ATPase, and Sliding Activities among the Wild-
Type and the Mutant Strains
(A) Averaged swimming velocities. Averages 6
SEM were calculated from the measurements of
30 cells for each strain. The p value was calcu-
lated with a Student’s t test.
(B) Beat frequencies. Averages 6 SEM were
calculated from the shape of the peak, fitted
with a Gaussian curve. The p value was calcu-
lated with a Z test assuming that more than 100
cells contributed to each FFT spectrum.
(C) ATPase assays. The axonemal ATPase
activities of the wild-type and mutant strains
were measured in the presence of 1 mM ATP.
Averages 6 SEM were calculated from ten mea-
surements. The p value was calculated with a
Student’s t test.
(D) Sliding disintegration assays of intact
axonemes. The scale bar represents 10 mm.
Left: Axonemes before the sliding disintegration.
Right: Axonemes disintegrated by incubation
with 1 mM ATP and 0.3 mg/ml nagarse for 1 min.
(E and F) Histograms of the sliding events per
axoneme.
See also Figure S3, Movie S1, Movie S2, Movie
S3, Movie S4, and Movie S5.
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The elevated ATPase activity of the axoneme (Figure 4C) and
the enhanced sliding disintegration of the outer doublet micro-
tubules (Figures 4D–4F) in ic2N suggest that the ODA is acti-
vated in the mutant flagella. In the wild-type axoneme, sliding
of the doublet microtubules, which is mainly driven by ODAs,
appears to be inhibited on most of the doublet microtubules
at physiological concentrations of ATP (z1 mM) (Figures 4D
and 4E) [35, 36]. In ic2N axoneme, ODAs are likely to be
nonspecifically activated on almost all the doublet microtu-
bules (Figures 4D–4F). Our results suggest that the BCCP tag
at the N terminus of IC2 releases ODAs from inhibition and
allows sliding of all the doublet microtubules. The idea of
IC2-mediated regulation of ODAs agrees with our 3D recon-
struction of streptavidin-labeled ODA-microtubule complex,
in which the N-terminal domain of IC2 is located in close prox-
imity to the ATPase catalytic sites of g HC (Figure 2B).
We also observed deficiency of ic2N cells in theODA-depen-
dent backward swimming in response to strong illumination
(Movie S4 and Movie S5) [43]. While the ODA-missing mutant
showed symmetrical beating with small amplitude in response
to the bright light (Movie S3) [10, 11], ic2N showed a flagellar
paralysis with very minute vibrations (Movie S5). It isnoteworthy that ic2N cells show a
severer attenuation in the photoshock
response than oda mutants despite the
presence of ODAs at wild-type levels
(Figure 1B). These data suggest that
the unregulated activation of ODAs in
ic2N results in the attenuation of the
cellular response to the light.
The OID Linker Regulates IDA
Activity
The reduction of shear rate in ic2N was
an unexpected result because any other
known ODA mutations do not changethe waveform [12]. Because we didn’t detect any significant
changes in the composition of IDAs in ic2N (Figures 1D and
S2D), abnormal waveforms are likely to be caused by altered
regulation of IDAs. Previous cryo-ET studies revealed the
presence of structures called OID linkers, which bridge the
outer and inner row structures on the axonemal doublet micro-
tubules [21, 22]. Two of these linkers connect ODA and IDA
subspecies f (Figure 2D, OID linkers 1 and 2), and the others
bridge the ODA and DRC or DP (Figure 2D, OID linkers 3a,
3b, and 4) [22]. The BCCP tag added to the N terminus of IC2
is likely to affect the function of IDAs through the OID linkers
because the location of the IC2 in our reconstituted ODA-
microtubule complex coincides well with four of the OID
linkers (Figure 2D). The chemical crosslinking experiments
showed an interaction between the N terminus of IC2 and
DRC4 (Figure 3). This result agrees with the cryo-ET observa-
tion of the pf3 axoneme that DRC3 and DRC4 are likely to be
the components of the OID projection [20]. Judging from the
positions of OID linkers in the tomogram (Figure 2D), it is
reasonable to assume that our chemical crosslinking experi-
ment detected OID liker 3a. Furthermore, the comparison of
the phenotypes between ic2N and ida6 ic2N (Figure 6) sup-
ports the idea that disruption of ODA-DRC link causes the
Table 1. Summary of the Strains Used in This Study
Strains
Missing Components
in the Axoneme
Mutated
Gene
Swimming
Velocity (mm/s)
Beat
Frequency (Hz) Other Phenotypes References
wild-type 137c – 156.4 6 28.1 60 6 4 –
oda6 entire ODA IC2 54.7 6 9.4 29 6 2 normal waveform [26, 46]
oda6 ic2-n-bccp (ic2N) 88.0 6 22.7 74 6 9 aberrant waveform this study
ida3 IDA subspecies f 75.3 6 15.3 43 6 8 aberrant waveform [47]
ida3 oda6 ic2-n-bccp (ida3 ic2N) 44.3 6 12.1 46 6 10 aberrant waveform this study
ida4 IDA subspecies a, c, and d p28 89.3 6 19.9 49 6 9 aberrant waveform [47]
ida4 oda6 ic2-n-bccp (ida4 ic2N) 59.7 6 7.4 51 6 9 aberrant waveform this study
ida6 IDA subspecies e 69.5 6 12.2 71 6 8 aberrant waveform,
short flagella
[40]
ida6 oda6 ic2-n-bccp (ida6 ic2N) 86.5 6 20.3 49 6 8 aberrant waveform this study
pf18 entire CP – – no swimming, paralyzed
flagella
[48]
pf18 oda6 ic2-n-bccp (pf18 ic2N) – w3 no swimming, very slow
beating
this study
oda6 ic2-DN20-c-bccp (ic2DN20) 131.7 6 17.0 64 6 5 aberrant waveform this study
oda6 ic2-n-streptag (ic2Strep) 143.8 6 9.2 60 6 4 slightly aberrant
waveform
this study
oda6 ic2-c-bccp (ic2C) 151.7 6 13.5 60 6 4 wild-type this study
oda9 entire ODA IC1 55.3 6 10.4 30 6 3 normal waveform [46, 49]
oda9 ic1-n-bccp (ic1N) 161.4 6 14.2 60 6 5 wild-type this study
pf2 DRC subunits DRC4 ND ND aberrant waveform [16]
pf3 DRC subunits,
IDA subspecies e
DRC1 ND ND aberrant waveform [41, 50]
ND, not determined.
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661altered waveform in ic2N by obstructing the activity of DRC-
IDA subspecies e system. Taken together, our results suggest
that the N terminus of IC2 is involved in the regulation of the
IDA activity through the ODA-DRC interaction. Note that the
genetical interaction between ic2N and ida6 can be limited to
the shear rate because the beat frequency of ida6 ic2N was
smaller than ic2N and ida6 (Table 1). This result can be ex-
plained by the following two observations: One is that the
elevation of beat frequency in ida6 is likely to result from the
short flagella (Figure S3D) [40], while the lengths of ic2N and
ida6 ic2N flagella were the same as wild-type. The other is
that ida6 lacks major components of the DRC as well as IDA
subspecies e (Figure 1D), while there was no deficiency in
the compositions of the DRC and dynein arms observed in
ic2N. Although the genetical interaction between ida6 and
ic2N in terms of the shear rates was evident, other phenotypes
indicate differences between the compositional deficiencies in
ida6 and the regulatory defects in ic2N.The OID Linker Regulates Formation of Bend Waves
Suppressor mutations in the DRC restore beating in CP- and
RS-deficient paralyzed mutants, suggesting that the DRC
mediates an inhibitory signal for flagellar beating in the
absence of the CP or RS, and the suppressor mutations cancel
the inhibition [16–18]. We found ic2N mutant to have a sup-
pressor activity by observing a restoration of beating in a
CP-deficient mutant pf18 by crossing with ic2N (Movie S6
and Movie S7). This result provides a clue about the function
of ODA-DRC link. We hypothesize that the DRC transmits reg-
ulatory signals from the CP and RS (Figure 6C, arrow 1) to
ODAs via IC2 and regulates its sliding and ATPase activities.
The DRC-mediated signal and probably a feedback from
ODAs through the ODA-DRC link modulate the activity of
IDAs, probably subspecies e, and control the waveform (Fig-
ure 6C, arrow 2). The DRC is proposed to serve as a nexin
link [20] and might be involved in the activity control of dynein
arms depending on their positions among the nine doubletmicrotubules (Figure 6C, arrow 3). The alteration of the ODA-
DRC link by the addition of the BCCP tag to IC2 presumably
impedes the propagation of the regulatory signal. Given that
the proper activation and inactivation of dynein arms is essen-
tial for the formation of bendwaves [36, 44, 45], the faulty regu-
lation of dynein arms in ic2N is likely to result in the aberrant
bending motions and behaviors of Chlamydomonas. The
persistent principal bend at the tip of ic2N flagella during the
forward stroke (Figure 5A, arrowhead) and the negative value
of the reverse bend curvature in ic2N waveform (Table S1
and Figure S4B) support the idea that the ODA-DRC interac-
tion plays an important role in the formation of the principal
and reverse bends by maintaining the proper activity balance
among dynein arms. We concluded that the ODA-DRC link is
essential for the concerted activation and inactivation of
dynein arms within the axoneme and is involved in the forma-
tion of bending waves.
Future Directions
Our results have first shed new lights on the functional commu-
nication betweenODAs and IDAs. Introduction of a small tag to
the junction between the ODA and DRC led to multiple re-
sponses involving both ODAs and IDAs, indicating that the
OID linker serves as the control center for the flagellar beating.
Elucidation of the mechanism of the signal transmission
through the OID linker will require further structural studies
of the axoneme and mutant analyses of the components of
both the ODA and DRC.
Experimental Procedures
See the Supplemental Experimental Procedures for reagents and plasmids
used, imaging procedures, data analyses, and other experimental details.
Accession Numbers
The cryo-EM reconstructions are available on the EM Data Bank (http://
www.emdatabank.org/) under the following accession numbers: wild-type,
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Figure 5. Waveform Analyses of the Wild-Type
and the Mutant Cells
(A) The waveforms and image sequences of
swimming Chlamydomonas cells. The time inter-
val between frames is 1/600 s. Scale bars repre-
sent 10 mm. Traces of the bending waves were
shown on the left of the image sequences (the
scale bar represents 5 mm). Note that the principal
bend at the tip of the flagella persists during the
effective stroke of ic2N (arrowhead).
(B) Two kinds of bends in the flagellar beating.
The principal bend (left, black arrowhead) is
formed at the base of the flagella during the effec-
tive stroke, which brings the cell forward. The
reverse bend (right, white arrowhead) is formed
during the recovery stroke, which brings the
flagella from the rear to the front.
(C) Shear rates, the angular change of the tangent
at the midpoint of the axoneme against the longi-
tudinal axis of the cell. The shear rate is propor-
tional to the sliding displacement between
doublet microtubules in one beat cycle. Averages
6 SEM were calculated from the measurements
of ten flagella. The p values were calculated
with a Student’s t test.
See also Figure S4 and Table S1.
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